To gain insight on the early biological response to commercial pure titanium (cpTi), the surface properties of cpTi implants retrieved from rat bone were examined by X-ray photoelectron spectroscopy (XPS). To this end, semi-cylindrical bullets, 1.1 mm in diameter and 3.5 mm in length, were implanted into the femurs of Wistar rats and then retrieved after either 3 hours or 7 days. Regardless of implantation interval, elements of Ti, O, C, and N were observed on the retrieved implants and that the thickness of the adsorbed film (mainly protein) was estimated to be about 2.5 nm. Small amounts of both Ca and P were also detected, whereby the Ca/P atomic ratios after 3 hours and 7 days were very small compared to that of hydroxyapatite. Furthermore, no correlation was found between the Ca and P distributions in the element maps. In conclusion, no calcium phosphate compounds were formed on the implant in vivo after 7 days.
INTRODUCTION
Dental implants are used to replace missing teeth by anchoring prostheses to the mandible or maxilla. Many different types of dental implants have been examined over the years 1) , including blade, cylinder, and threaded screws. At present, the most successful type of single-tooth implant is a screw-shaped device made of commercial pure titanium (cpTi). This clinical success could be largely attributed to the excellent biocompatibility exhibited by cpTi, which in turn is attributed to a thin native oxide layer on the cpTi surface 2) . The oxide formed on the titanium is so natural that a pure titanium surface indicates a titanium oxide (TiO2) surface in most cases. An intriguing question is: why does the oxide on pure titanium show such excellent biocompatibility? In a bid to answer this question, many researchers have conducted diverse experiments using different techniques and approaches. Hanawa and Ota 3) reported that calcium phosphate similar to apatite formed naturally on titanium immersed in an electrolyte solution. In addition, Frauchiger et al. 4) showed that an adsorbed layer of calcium phosphate was spontaneously formed on the titanium oxide surface during exposing titanium platelets to a physiological solution (Hanks' solution). Based on these in vitro experimental results, it was thus believed that deposited calcium phosphate compounds, including hydroxyapatite (HA), contributed significantly to the excellent biocompatibility property of titanium.
To facilitate apatite deposition on titanium surfaces, various surface modification techniques have been proposed.
Such techniques included treatment with NaOH 5) , treatment with hydrogen peroxide solutions containing metal chlorides 6) , and immersion in a simulated body fluid (SBF) 7) . Most of these experiments were carried out in vitro. Similarly, by means of an in vitro experiment, Ellingsen 8) proposed a mechanism for the initial adsorption of macromolecules to titanium implants. This experiment was based on the premise that the titanium oxide layer has a negative charge at physiological pH. Subsequently, calcium ions from the body fluids react with this surface layer and then further react with Ca-binding macromolecules. In another in vitro experiment by Klinger et al. 9) , they observed that most human serum albumin (HSA; >75% of the saturated amount) was adsorbed to the Ti powder surface within 1 hour and that the amount reached a plateau after 24 hours. This finding suggested that the adsorption occurred as a monolayer at the saturation state. As for Serro et al. 10) , they reported that when the Hanks' balanced salt solution contained 0.05 mg/mL of protein (a value far below the concentration in blood), the formation of a calcium phosphate layer was strongly inhibited.
This finding therefore suggested that calcium phosphate deposition could hardly occur on the titanium in vivo because there is a large quantity of macromolecules, including protein and glycoprotein, in the bone marrow. Thus far, the abovementioned in vitro experiments have focused on promoting calcium phosphate deposition on titanium surfaces to enhance biocompatibility. Contradictory findings, on the other hand, were yielded by Murakami et al. 11) . Using a high-resolution transmission electron microscope to investigate the interface between titanium and osteogenic cells, they demonstrated that calcium phosphate precipitation on the titanium surface played no role toward the latter's biocompatibility. Further on tissue response to titanium implants, Nanci et al. 12) reported on the presence of a very thin, membranous layer at the bone-implant interface at 21 days after implantation. On the effects of surface conditions on bone formation, Shirakura et al. 13) examined the tissue response to titanium implantation in rat maxilla using two types of implants with different surface qualities: sandblasted or HA-coated. In the HAcoated group, new bone formation originating from both the implant and the pre-existing bone was recognized at 5 days after implantation. However, in the sandblasted group where there was no HA precipitation on the titanium surface in rat bone, new bone formation occurred only from the pre-existing bone. These findings suggested that the implant surface in vivo was promptly covered with macromolecules after implantation, and that these molecules hindered the deposition of calcium and phosphate compounds on the titanium oxide surface layer. The purpose of this study was to confirm the hypothesis that adsorption of macromolecules on an implant surface in vivo would hinder the deposition of calcium and phosphate compounds on the titanium surface. For this purpose, cpTi surfaces retrieved from rat bone were analyzed using X-ray photoelectron spectroscopy (XPS).
MATERIALS AND METHODS

Implant preparation
Bullet-type cpTi implants, 1.1 mm in diameter and 3.5 mm in length, with a flat surface on the lateral surface were used.
The flat area, after being sandblasted, is shown in Fig. 1 (macroscopic view and SEM observation). Before implantation, the implant was rinsed with acetone in an ultrasonic cleaner for 5 minutes, followed by Ar sputter etching (radio-frequency type) for 5 minutes at 100 W. The last step could be considered as a kind of sterilization treatment.
Implantation procedure
Femurs of 8-week-old male Wistar rats were used in this study. Most of the procedures followed the protocol as described in a previous report 14) . Bone cavities (1.15 mm in diameter and 3 mm in depth) were prepared for implantation by drilling with an engine reamer and a drill (Peeso drill, Maillefer Co. Ltd., Ballaigues, Switzerland). The implant was inserted into the cavity by tapping with a mallet. As illustrated in Fig. 2 , the bullet bottom was kept 0.5 mm from the cortical bone.
Following the implantation procedure, the animals did not receive any antibiotics. The implants were retrieved after either 3 hours or 7 days. All the animal experiments carried out in this research complied with the Niigata University Guidelines for Animal Experimentation.
X-ray photoelectron spectroscopy (XPS)
To remove the molecules and organisms loosely bound to the implant surface, all the retrieved implants were washed for 4 minutes in ultra-pure water with an ultrasonic cleaner. Thereafter, they were quickly dried up and stored in a vacuum Ti bullet and the SEM image of its surface just before implantation.
Fig. 2
Schematic and photographic representations of the implantation of Ti bullet to the rat femur. Test surface was flattened to prevent rubbing against the bone wall during bullet extraction. In the right picture, the two white arrows indicate the bullets being implanted in the femur.
container. Three implant samples were tested under each condition. X-ray photoelectron spectroscopy (XPS) (Quantum 2000, ULVAC-PHI, Tokyo, Japan) was used to examine the implant surfaces under these conditions: monochromatic Al X-rays at 25 W, spot size of 100 µm, and takeoff angle of 45 degrees. Survey spectra were obtained over a range of 0-1100 eV with a pass energy of 46.9 eV. High-resolution spectra of the peaks, such as C 1s, O 1s, Ca 2p, and P 2p, were thereby collected.
From the change in Ti intensity before and after implantation, which indicated the adsorption film thickness, the thickness (d) was calculated based on the attenuation theory as follows:
where Ik is the intensity attenuated by the adsorption film, I0 is the intensity before implantation (no adsorption film), d is the adsorption film thickness, λ is the inelastic mean free path (IMFP) of the photoelectron in the layer, and θ is the takeoff angle of the photoelectrons measured with respect to the surface normal (45 degrees for this instrument). In this study, a value of 3.15 nm (at Ti 2p3/2 energy) was adopted, which was calculated by Tanuma et al. 15) for bovine plasma albumin. For the quantitative analyses of Ca and P, they were performed using a high resolution peak detection method. Differences between the mean intensities of each implantation interval were statistically analyzed using Student's t-test at a significance level of p=0.05. For the XPS depth analyses of the adsorption film, they were carried out by means of Ar sputter etching. The sputter conditions were: accelerating voltage at 0.5 kV, sputter area of 4 mm 2 , and sputter time was 1 minute. Under these conditions, the sputter rate was equivalent to that of 0.5 nm/min for SiO2. Sputter etching and XPS measurements were done alternately. Figure 3 shows the typical XPS survey spectra of the samples before implantation (a), as well as after 3 hours (b) and 7 days (c) of implantation. The horizontal scale was common to both the upper and lower figures. In the lower figure, spectrum (c) was deliberately shifted upwards to avoid overlapping. Before implantation, the main peaks were assigned to the elements of Ti and O, and a small amount of carbon (contamination from the environment); but nitrogen peak was not observed. After implantation, the peaks of Ti, O, C, and N were clearly observed in both spectra (b) and (c). Moreover, regardless of the implantation interval, their intensities did not change substantially. Ar was detected for all the samples, which was apparently caused by Ar RF sputtering. As for Ca and P, their peaks were not clearly visible in this intensity scale even after implantation.
RESULTS
To observe the peaks of Ca and P, a partially enlarged spectrum after 7 days' implantation in Fig.  3 is shown in Fig. 4 . In addition, the high-resolution spectra of Ca 2p and P 2p peaks are shown in Fig. 5 . It should be noted that the signal-to-noise ratio of Ca 2p was inferior to that of P 2p. Based on the exact binding energy of P 2p peak, phosphorus was identified as P in PO4 3-. On the mean thickness of the adsorption film after 3 hours and 7 days, it was about 2.5 nm with no significant difference observed between the two implantation intervals, as indicated by NS in Fig. 6 . Figure 7 shows the mean intensities of Ca 2p and P 2p after 3 hours and 7 days. For both elements, significant differences were observed between the implantation intervals.
For each implantation interval, the corresponding Ca/P atomic ratio was calculated based on the intensity ratio and the atomic sensitivity factors (Ca=1.833, P=0.486) 16) . In this study, the Ca/P atomic ratios were 0.10±0.07 and 0.14±0.05 after 3 hours and 7 days respectively. These ratios were very small compared to that of HA (Ca/P atomic ratio = 1.67).
In Fig. 8 , the element maps show the intensity distributions of N, Ca, and P on a typical sample retrieved after 7 days. In each map, each intensity level is indicated by a pseudo-color, where the highest intensity is represented with the brightest color and the lowest intensity by the darkest color. For each element, its highest and lowest intensities are expressed in parentheses as follows: (N 1s: 6719, 3309), (Ca 2p: 204, 26), and (P 2p: 385, 148). With the map of N 1s, a thick distribution of the adsorbed molecules on the implant surface was indicated. Between the Ca 2p and P 2p maps, little correlation was observed between their distributions. Figure 9 shows the XPS depth profiles of the typical samples by Ar sputter etching after 3 hours (a) and 7 days (b). For the upper and lower figures, the horizontal scales were the same. However, to compare the elements of interest in each figure, the raw intensities of these elements were multiplied by an appropriate number in parentheses, such as (0.3) or (50); only the intensities of C 1s were raw data in both figures.
It should be mentioned that the intensity of Ca 2p was too weak to represent a meaningful curve under the detection conditions of the depth analysis.
DISCUSSION
Before implantation, all the implants were cleaned by Ar RF sputter etching. Its effectiveness was confirmed by the spectrum (a) in Fig. 1 . This process Mean intensities (peak area) of Ca 2p and P 2p peaks. For both elements, significant differences were observed between the implantation intervals (p<0.05). The error bar indicates a confidence limit of 95%.
is vital to removing contaminant elements, such as Si, because the sandblasting or grinding surface treatment introduces contaminants which tightly bond to the surface. Without this process, a false bioreaction might be introduced and which might then hamper and adversely interfere with the detection of elements related to biocompatibility. On the other hand, the drawback of this process was that small amounts of Ar were embedded by a knockon phenomenon 17) . However, Ar is an inert element and will play no role toward biocompatibility. After implantation, the XPS survey scan indicated that the adsorption film was very thin and that the main elements relating to the adsorbed molecules were C (including a small amount of contaminant) and N. The N/C atomic ratio was estimated to be 0.20. This value was slightly smaller than the ratio of 0.27 obtained with bovine serum albumin, which consists of 19.1% oxygen, 16.8% nitrogen, 63.2% carbon, and 0.8% sulfur (atomic percent) 18) . However, taking into consideration that the obtained carbon intensity included contaminant carbon, the calculated ratio of 0.2 suggested that the adsorbed macromolecules comprised mainly of proteins. On the adsorption films, the thickness was approximately 2.5 nm (Fig. 6 ) regardless of the implantation interval. This result suggested that the adsorption film was a monolayer of protein molecules because the diameter range of most globular proteins is 2-7 nm 19) , and that the equilibrium was reached within 3 hours after implantation.
This was consistent with the finding that the maximum amount of adsorbed lysozyme was reached in less than 8 minutes and that it corresponded to a lysozyme monolayer on the titanium surface 20) . However, adsorption is not a static but a dynamic phenomenon, which means that the types of molecules adsorbed will change over time 21) . It was found that the amounts of both Ca and P increased with the implantation interval (Fig. 7) . However, the Ca/P atomic ratios on the implant surfaces were extremely small (less than 0.2) as compared to those of calcium phosphate compounds, such as HA. In addition, according to the element maps, there was little correlation between the calcium and phosphorus distributions (Fig. 8) . This observation was consistent with the results of a previous study 22) , indicating that no calcium phosphate was present on the titanium surface in vivo not only after 3 hours, but also after 7 days. Depth analyses of the adsorbed films were conducted to clarify the exact position of P (Fig. 9) . As stated in RESULTS, the signal qualityexpressed as signal-to-noise ratio -of Ca 2p was very bad (Fig. 5(a) ), which meant that its depth analysis curve would not provide any valuable information. On this ground, the curve of Ca 2p was Distribution maps of N 1s, Ca 2p, and P 2p peak intensities of the sample after 7 days. not shown in Fig. 9 . For depth profiles (a) and (b) in Fig. 9 , the intensities of C 1s and N 1s decreased with the sputter time, thus indicating that the adsorbed layers became thinner gradually. Furthermore, the intensities of both C 1s and N 1s fell to the background level at nearly equal sputtering time. This observation corroborated the finding that the adsorbed film thickness did not substantially change between the implantation intervals of 3 hours and 7 days (Fig. 6 ). However, with regard to the sputtering rate of SiO2, the sputtering time to remove the adsorbed protein molecules was considered relatively long. This phenomenon was due to a relatively low sputtering rate of the protein molecules because the sputtering rate of carbon was extremely low 23) . In contrast to the decreasing curves of C 1s and N 1s, the P 2p intensity was almost constant for the first 5 minutes and then decreased abruptly. This characteristic change indicated that most of phosphate ions were present beneath the adsorbed protein film. In other words, even for a long time after implantation, compounds like HA would not precipitate on the titanium surface -which meant that the titanium surface would not play the role of a scaffold at the initial period during new bone formation. The latter suggestion was consistent with the histological findings of a previous study 13) . Taken together, the claim that calcium phosphate similar to apatite formed naturally on titanium [3] [4] [5] [6] [7] is valid for in vitro experiments only.
CONCLUSIONS
Results of this study suggested the following biological response on the implant surface in rat bone:
(1) Small amounts of inorganic ions, such as calcium and phosphate ions, were adsorbed on the surface. (2) At the same time, biomolecules including proteins in the bone marrow were adsorbed to the titanium oxide surface layer. As a result, the surface was covered with a monolayer of such molecules within 3 hours after implantation. (3) Even after a relatively long implantation interval (7 days), calcium phosphate compounds did not form on the implant surface because the adsorbed macromolecules prevented further diffusion of the inorganic ions to the titanium oxide surface. Therefore, one of the crucial factors that determined biocompatibility was the characteristics of the adsorbed species, such as proteins. Why does the oxide layer on pure titanium exhibit well-known excellent biocompatibility? The findings from this study indicated that the adsorbed biomolecules, and in particular the adsorbed proteins, played a vital role.
